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We present a framework linking axionlike particles (ALPs) to neutrino masses through the minimal
inverse seesaw (ISS) mechanism in order to explain the dark matter (DM) puzzle. Specifically, we
explore three minimal ISS cases where mass scales are generated through gravity-induced operators
involving a scalar field hosting ALPs. In all of these cases, we find gravity-stable models providing
the observed DM relic density and, simultaneously, consistent with the phenomenology of neutrinos
and ALPs. Remarkably, in one of the ISS cases, the DM can be made of ALPs and sterile neutrinos.
Furthermore, other considered ISS cases have ALPs with parameters inside regions to be explored
by proposed ALPs experiments.
I. INTRODUCTION
The discovery of neutrino oscillations [1, 2] and the
fact that baryonic matter only yields a few percent con-
tribution to the energy density of the Universe [3] are
two experimental evidences calling for physics beyond
the standard model (SM). On the theoretical side, the
apparent absence of CP violation in the QCD sector is
also a strong motivation for going beyond the SM since it
can be dynamically explained by the Peccei-Quinn mech-
anism [4], which requires to extend the SM gauge group
with a global symmetry and the existence of a pseudo-
Nambu-Goldstone boson, the axion [5, 6]. Besides ele-
gantly solving the strong CP problem [7–10], the Peccei-
Quinn mechanism may be also related to the solution
of DM and neutrino puzzles by offering a candidate for
cold DM, the axion itself, [11–13] and a connection to the
neutrino mass generation [14–20].
In the same vein, ALPs, arising from spontaneous
breaking of approximate global symmetries, are also the-
oretically well motivated since these appear in a variety of
ultraviolet extensions of the SM [21–24] and, as in QCD
axion models, these can make up all of Universe DM [25],
or be a portal connecting the DM particle to the SM
sector [26]. Moreover, there are some astrophysical phe-
nomena such as the cosmic γ-ray transparency [27–30],
the x-ray excess from the Coma cluster [31, 32] and the
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x-ray line at 3.55 keV [33, 34] that suggest the presence
of ALPs. These hints have led to a plethora of search
strategies involving astrophysical observation production
and detection in laboratory experiments [21, 22, 35] with
the aim of establishing the ALPs properties.
In the context of ALPs models, the approximate con-
tinuous symmetry is typically assumed to be remnant
of an exact discrete gauge symmetry as gravity presum-
ably breaks the global symmetries through Planck-scale
suppressed operators. In other words, since the global
symmetry is highly unstable it is usually stabilized by
imposing a discrete gauge symmetry [36–39] such as a
ZN symmetry [23, 40, 41] (see Refs. [42–49] for ZN real-
izations in QCD axion models).
This discrete gauge symmetry protects the ALPs mass
against large gravity-induced corrections and it can also
be used to stabilize other mass scales present in the the-
ory. In particular, with the aim of generating neutrino
masses the authors in Refs. [23, 40] used these types
of discrete gauge symmetries in order to protect the
associated lepton-number-breaking scale. In this work,
we go further by building a self-consistent framework of
ALPs DM[50] and neutrino masses via the ISS mecha-
nism [51, 52]. For this purpose we make use of appropri-
ate ZN discrete gauge symmetries to protect the suitable
ALPs mass reproducing the correct DM relic abundance
as well as to stabilize the mass scales present in the ISS
mechanism. It turns out that the ISS mass terms are
determined -up to some factor- by vnσ/M
n−1
Pl , where vσ is
the vacuum expectation value (VEV) of the scalar field
σ that spontaneously breaks the global symmetry U(1)A
and hosts the ALPs, a. n is an integer that is determined
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2by the invariance of such terms under the symmetries of
the model and some phenomenological constraints.
In order to implement the ISS mechanism we extend
the SM matter content by introducing nNR(nSR) gen-
erations of SM-singlet fermions NR(SR) as it is usual.
In this work, we consider the minimal number of singlet
fermionic fields that allows to fit all the experimental neu-
trino physics: the (nNR , nSR) = (2, 2), (2, 3) and (3, 3)
cases [53]. In each case, the ALPs plays the role of the
DM candidate. Moreover, for the (2,3) ISS case there
is a possibility of having a second DM candidate: the
sterile neutrino (the unpaired singlet fermion) [54–56].
Motivated by that, we also build a multicomponent DM
framework where the DM of the Universe is composed by
ALPs and sterile neutrinos, with the latter being gener-
ated through the active-sterile neutrino mixing [57] and
accounting for a fraction of the the DM relic density.
As far as phenomenological issues are concerned, since
in each framework the approximate continuous symmetry
is anomalous respect to the electromagnetic gauge group
(through an exotic vectorlike fermion) instead of being
anomalous respect to QCD, it is possible to build an ef-
fective interaction term involving the axion field and the
electromagnetic field strength and its dual [58, 59]. This
in turn implies that the ALPs may be detected in current-
and/or proposed- experiments that use the ALPs-photon
coupling as their main interaction channel to search for
ALPs [21, 22, 35, 60]. Moreover, considering this parti-
cle as the dark matter candidate it can be part of the
Milky Way DM halo and could resonantly convert into a
monochromatic microwave signal in a microwave cavity
permeated by a strong magnetic field [61–63]. On the
other hand, since a large portion of the parameter space
of ALPs (e.g. low masses and couplings) is relatively
unconstrained by experiment since the conventional ex-
periments, Helioscopes, Haloscopes and others [60], are
only sensitive to axion particles whose Compton wave-
length is comparable to the size of the resonant cavity,
it is important looking for new search strategies in order
to cover other regions of the parameter space. To reach
smaller values for the ALPs mass and ALPs-photon cou-
pling is necessary a different experimental approach like
the ones associated to the ABRACADABRA proposal
[64, 65], where it is suggested a new set of experiments
based on either broadband or resonant detection of an os-
cillating magnetic flux, designed for the axion detection
in the range ma ∈ [10−14, 10−6] eV. And it is precisely
these kinds of searches that can be used to probed the
benchmark regions that we study within the (2,2) and
(3,3) ISS cases.
The rest of the paper is organized as follows: in Sec. II
we discuss phenomenological and theoretical conditions
that lead to a successful protection of the ALPs mass and
the ISS texture against gravity effects. In Sec. III we
search for viable models simultaneously compatible with
DM phenomenology, neutrino oscillation observables and
lepton-flavor-violating processes. Finally, we present our
discussion and conclusions in Sec IV.
II. FRAMEWORK
The goal of this section is to present the main ingredi-
ents of a SM extension in order to link ALPs to neutrino
mass generation, and at the same time, to offer an ex-
planation for the current DM relic density reported by
Planck Collaboration [3]. In order to achieve that, the
SM matter content must to be extended with some ex-
tra fields. Besides the scalar σ and fermionic SRα and
NRβ fields, an extra electrically charged fermion E is
also added to the SM to make possible the coupling of
ALPs to photons, gaγ . That is necessary because gaγ
is anomaly induced and there is no any U(1)A symme-
try anomalous in the electromagnetic group just with the
SM charged fermions. The main role of the anomalous
U(1)A symmetry is to induce an ALPs coupling to two
photons. This brings as a consequence that the ALPs can
be found, in principle, in current and/or proposed exper-
iments that make use of the ALPs-photon coupling. We
will show target regions of some experiments searching
for ALPs in Fig 1. Also, it will be found that ALPs
in some ISS cases discussed in this paper are inside the
regions of planned experiments [64, 65].
Another key point of the framework is the existence of
a ZN discrete gauge symmetry. In order to understand
its role, firstly, note that to impose an anomalous U(1)A
symmetry to the Lagrangian does not seem sensible in the
sense that in the absence of further constraints on very
high energy physics we should expect all relevant and
marginally relevant operators that are forbidden only by
this symmetry to appear in the effective Lagrangian with
coefficient of order one. However, if this symmetry fol-
lows from some other free anomaly symmetry, in our case
from the a ZN discrete gauge symmetry, all terms which
violate it are then irrelevant in the renormalization group
sense. Secondly, the ZN symmetry also protects both the
ALPs mass and the ISS texture against gravity effects as
we will explain in more detail later on. For these reasons,
the effective Lagrangian will be invariant under a ZN dis-
crete gauge symmetry. Due to the ALPs mass is very low
and only protected by the U(1)A symmetry which is ex-
plicitly broken by gravity effects, the ZN symmetry will
have a high order. This fact also happens in models with
QCD axions and it is shared by all models with this type
of stabilization mechanism [23, 40, 43, 44, 49, 66].
A. Lagrangian
The effective Lagrangian that we consider to relate the
ISS mechanism to ALPs DM reads
L ⊃ LYukSM + Lσ + LISS + LE , (1)
where LYukSM is nothing more than the Yukawa Lagrangian
of the SM
LYukSM = Y (u)ij QLiH˜uRj+Y (d)ij QLiHdRj+Y (l)ij LiHlRj+H.c.,
(2)
3with the usual QLi, uRi, dRi and Li, lRi fields denoting
the quarks and leptons of the SM, respectively. H is the
Higgs SU(2)L doublet with H˜ = iτ2H
∗ (τ2 is the second
Pauli matrix).
The term in Lσ (Lagrangian involving the σ field)
which is relevant in our discussion is the following non-
renormalizable operators
Lσ ⊃ g σ
D
MD−4Pl
+ H.c., (3)
with g = eiδ |g| and D being an integer. The σ field is
parametrized as σ(x) = 1√
2
[vσ + ρ(x)]e
i
a(x)
vσ , with a(x)
being the ALPs field and ρ(x) the radial part that will
gain a mass of order of the vacuum expectation value
[23, 67, 68]
109 .
√
2 〈σ〉 ≡ vσ . 1014 GeV. (4)
With the operators in Eq. (3) and the σ(x) parametriza-
tion, the ALPs mass term is written as follows [40]
ma = |g| 12DMPlλD2 −1, (5)
where 10−10 . λ ≡ vσ√
2MPl
. 10−5 and MPl = 2.44×1018
GeV is the reduced Planck scale.
Now, we turn our attention to the coupling of ALPs
to photons which is determined by the interaction term
gaγ
4 aFµν F˜
µν , where Fµν and F˜
µν are the electromagnetic
field strength and its dual, respectively. This term is
anomaly induced and given by [69]
gaγ =
α
2pi
Caγ
vσ
, (6)
with α ≈ 1/137. Here, the electromagnetic anomaly co-
efficient Caγ reads as [58, 68]:
Caγ = 2
∑
ψ
(
XψL −XψR
)(
C(ψ)em
)2
, (7)
where C
(ψ)
em is the electric charge of the fermion ψ, and
XψL,R is its charge under the U(1)A symmetry. This
anomaly coefficient is of order of one (1 or 2 more specif-
ically) in our models and it directly determines the width
of the red band in Figure 1 where ALPs are DM candi-
dates. Also, it is important to note that the existence of
a non-null anomaly coefficient guarantees that gaγ 6= 0.
This is the reason for the total Lagrangian in Eq. (1)
is invariant under an anomalous U(1)A global symme-
try. Nevertheless, only with SM model fermions and the
neutral SRα and NRβ fermions is not possible to have
an anomalous U(1)A symmetry in the electromagnetic
group. Therefore, we need include the SU(2)L singlet
fermion, E, with an unit of electric charge.
On the other hand, the dimension D of the gravity-
induced mass operator in Eq. (3) must be, in general,
larger than 4 because the astrophysical and cosmologi-
cal constraints on the properties of ALPs. To be more
specific, we show, in Figure 1, some regions of the ALPs
space of parameters −gaγ vs ma− where ALPs give an
explanation for some astrophysical anomalies and others
forbidden regions [22, 60, 70, 71].
Regarding the neutrino mass generation, we have that,
once introduced the NRβ and SRα fields, the LISS La-
grangian reads as:
LISS = yiβLiH˜NRβ + ζαβ σ
p
Mp−1Pl
SRα(NRβ)
C + ηαα′
σq
2Mq−1Pl
SRα(SRα′)
C + θββ′
σr
2Mr−1Pl
NRβ(NRβ′)
C + H.c., (8)
where the yiβ , ζαβ , η αα′ , θ ββ′ , coupling constants, with
i, j = 1, 2, 3, α, α′ = 1, 2, (or 3) and β, β′ = 1, 2, (or 3),
are generically assumed of order one. The exponents
p, q, r are integer numbers chosen for satisfying some phe-
nomenological constraints discussed below. Negative val-
ues for these exponents will mean that the term is ∼ σ∗n
instead of ∼ σn. Note that, without loss of generality,
the exponent p can be assumed to be positive. We will
only consider the minimal number of neutral fermionic
fields, SRα and NRβ , that allow to fit all the experimen-
tal neutrino physics [53]. Specifically, we study the (2, 2),
(2, 3) and (3, 3) cases.
As the σ field gets a VEV the gravity-induced terms in
Eq. (8) give the mass matrix for light (active) and heavy
neutrinos [40]. Specifically, we can write the mass matrix
in the (νL, N
C
R , S
C
R) basis as
Mν =
[
0 MᵀD
MD MR
]
, with (9)
MD ≡
[
mD
0
]
and MR ≡
[
µN M
ᵀ
M µS
]
. (10)
where mD, M , µN and µS are matrices with dimension
equal to nNR × 3, nNR × nSR , nNR × nNR , nSR × nSR ,
respectively. The energy scales of the entries in these
matrices are determined essentially by
√
2 〈H〉 ≡ vSM '
246 GeV, λ (or vσ) and MPl GeV as follows
mD iβ = yiβ
vSM√
2
, Mαβ = ζαβMPlλ
p, (11)
µS αα′ = ηαα′MPlλ
|q|, µN ββ′ = θββ′MPlλ|r|. (12)
4The mass matrix in Eq. (9) allows light active neutrino
masses at order of sub-eV without resorting very large
energy scales in contrast to the type I seesaw mecha-
nism [72–77]. In more detail, assuming the hierarchy
µN . µS  mD < M (note that making µS and µN
small is technically natural) and taking a matrix expan-
sion in powers of M−1, the light active neutrino masses,
at leading order, are approximately given by the eigen-
values of the matrix [78, 79]
mνlight ' mᵀDM−1µS(Mᵀ)−1mD. (13)
On the other hand, the heavy neutrino masses are given
by the eigenvalues of mνheavy 'MR. Note from Eq. (13)
that µN does not contribute to the light active neutrino
masses at the leading order [78, 79]. Actually, the pres-
ence of µN term gives a subleading contribution tomνlight
of the order of mᵀDM
−1µS(Mᵀ)−1µNM−1µS(Mᵀ)−1mD,
which is a factor µSµN/M
2 smaller than the leading con-
tribution [40].
Very motivated scales for M and µS , µN are TeV and
keV scales, respectively. These scales allow getting active
neutrino masses in the sub-eV scale without considering
smaller Yukawas and, in some scenarios, such as the (2, 3)
ISS case, the existence of a keV sterile neutrino as a warm
dark matter (WDM) candidate [80]. In addition, M has
to satisfy
M &
√
10
µS
keV
TeV, (14)
because light active neutrino masses are in sub-eV scale
and mD is of order of O(vSM).
Another constraint on the M scale comes from the fact
that the mixing matrix that relates the three left-handed
neutrinos with the three lightest mass-eigenstate neutri-
nos is not longer unitary. This implies that deviations of
some SM observables may be expected, such as additional
contributions to the `νW vertex and to lepton-flavor and
CP-violating processes, and non-standard effects in neu-
trino propagation [81, 82]. For example, in the inverse
seesaw model, the violation of unitary is of order of 2,
with  ≡ mDM−1 being approximately the mixing be-
tween light active and heavy neutrinos [79]. Roughly
speaking, 2 at the percent level is not excluded experi-
mentally [81, 83–85].
Taking into account the previous considerations, the
ranges chosen for M and µS are
1 ≤M ≤ 25 TeV, 0.1 ≤ µS ≤ 50 keV. (15)
Once established that scales of the mass matrices and us-
ing Eqs. (11) and (12) (and following a similar procedure
as in Ref. [40]), the integers p and q in Eq. (8) can only
take the values
(p, |q|) = (2, 3) for 6× 1010 . vσ . 1× 1011 GeV,
(16)
(p, |q|) = (3, 5) for 2× 1013 . vσ . 8× 1013 GeV.
(17)
That happens because the same VEV simultaneously
provides M and µS scales. Note that for both possi-
bilities in Eqs. (16) and (17) the light active neutrino
mass matrix in Eq. (13) is simplified to
mνlight =
[
yᵀζ−1η (ζᵀ)−1 y
] v2SM√
2vσ
. (18)
Moreover, the exponent r of the term that generates µN
in Eq. (8) is also constrained to be r ≥ |q|, because µN
must be . µS .
Finally, we have that LE , the Lagrangian involving the
E charged fermion, is written as
LE ⊃ ϑi σ
s
MsPl
LiHER + κ
σt
M t−1Pl
ELER + H.c., (19)
where ϑi and κ are Yukawas, in principle, assumed of
order one. These two terms are also subjected to phe-
nomenological and theoretical constraints as follow. Be-
cause the term ∼ σtELER must give a mass large enough
for the E fermion to satisfy its experimental constrains.
For stable charged heavy lepton, mE > 102.6 GeV at
95% C.L. [86], or for charged long-lived heavy lepton,
mE > 574 GeV at 95% C.L. assuming mean life above
7×10−10−3×10−8 s [87, 88], t must be less or equal than
3. It must be different from zero because the electromag-
netic anomaly must be present. On the other hand, s can
take the values 1 or 2 because ∼ σsLHER determines
the interaction of the E fermion with the SM leptons,
and whether s is larger than 2, the charged E fermion
becomes stable enough to bring cosmological problems,
unless its mass is .TeV. Another constraint comes from
searches for long-lived particles in pp collisions [87, 88].
Now an important discussion about the stability of
both the ISS mechanism and the ALPs mass is in order.
In general, the gravitational effects must be controlled to
give a suitable ALPs mass. With this aim, we introduced
a gauge discrete ZN symmetry assumed as a remnant of
a gauge symmetry valid at very high energies [89]. Thus,
to truly protect the ALPs mass against those effects, ZN
must at least be free anomaly [36–39], i.e.,
A2(ZN ) = A3(ZN ) = Agrav(ZN ) = 0 Mod
N
2
, (20)
where A2, A3 and Agrav are the [SU(2)L]
2 × ZN ,
[SU(3)C]
2 ×ZN and [gravitational]2 ×ZN anomalies, re-
spectively. Other anomalies, such as Z3N , do not give
useful low-energy constraints because these depend on
some arbitrary choices concerning to the full theory.
Gravitational effects can also generate terms such
as σ
n
Mn−1Pl
SRS
C
R ,
σn
Mn−1Pl
SRN
C
R ,
σn
Mn−1Pl
NCRNR or
σn
MnPl
LH˜SR
(with n smaller than those in the Lagrangian (8)) that
jeopardize both the matrix structure - Eqs. (9) and (10)
- and the scales of the ISS mechanism. Thus, ZN will be
chosen such that it also prevents these undesirable terms
from appear.
In general, the ZN symmetry can be written as a linear
combination of the continuous symmetries in the model:
5QLi dRi uRi Hi Li lRi NRβ SRα EL ER σ
B 1
3
1
3
1
3
0 0 0 0 0 0 0 0
L 0 0 0 0 1 1 1 a b c d
TABLE I. Two of the continuous symmetries of the La-
grangian in Eq. (1). B and L are the baryon number and
the generalized lepton number, respectively. The charges a,
b, c and d are given by a = qd/2, b = sd + c, c = 1 − rd and
d = (p− q/2)−1.
the hypercharge Y , the baryon number B and the gen-
eralized lepton number L. The charge assignments for
B and L symmetries are shown in Table I, whereas the
assignment for Y symmetry is the canonical one. Nev-
ertheless, since the hypercharge is free anomaly by con-
struction, the ZN charges (Z) of the fields can be written
as Z = c1B+c2L, where c1,2 are rational numbers in order
to make the ZN charges integers [40]. Now, substituting
the charges in Table I into the general form of the ZN
symmetry (see Refs. [36–39]) we can obtain the anomaly
coefficients. Doing so, we find that A3(ZN ) = 0 and
A2(ZN ) =
3
2
[c1 + c2] , (21)
Agrav(ZN ) = c2
[
3− nNR − nSR ×
[
qd
2
]
+ sd
]
. (22)
Note that A2(ZN ) and Agrav(ZN ) are not, in general, 0
Mod N/2 which implies strong constraints on the choice
of the ZN discrete symmetry.
B. ALPs and sterile neutrino dark matter
Since the ALPs are very weakly interacting slim parti-
cles and cosmologically stable, they can be considered as
DM candidates [25]. In fact, ALPs may be nonthermally
produced via the misalignment mechanism in the early
Universe and survive as a cold dark matter population
until today. Specifically, its relic density is determined
from the following equation [25, 63, 68, 90–94]
Ωa,DMh
2 ≈ 0.16
[
Θi
pi
]2
×
[ma
eV
]1/2 [ vσ
1011 GeV
]2
, (23)
where Θi is the initial misalignment angle, which is
taken as pi√
3
, because we are assuming a post-inflationary
symmetry-breaking scenario, favorable for models with
vσ . 1014 GeV [25, 63].
On the other hand, the fraction of DM abundance in
form of sterile neutrino depends on its mass, mνS , and
its mixing angle with the light active neutrino, θ. Specif-
ically, νS as a WDM candidate can be generated through
the well-known Dodelson-Widrow (DW) mechanism [57],
which is present as long as active-sterile mixing is not
zero [54–56]. In the (2, 3) ISS case, the sterile neutrino
through the DW mechanism can account at maximum for
≈ 43% of the observed relic density without conflicting
with observational constraints [80]. This DM amount can
be slightly increased to ≈ 48% when including effect of
the entropy injection of the pseudo-Dirac neutrinos pro-
vided the lightest pseudo-Dirac neutrino has mass 1− 10
GeV [80]. We are not going to consider these effects
here. For mνS > 0.1 keV, the relic density produced in
the usual DW mechanism is given by [80, 95]
ΩνS ,DMh
2 = 1.1× 107
∑
α
Cα(mS)|UαS |2
[mνS
keV
]2
;
α = e, µ, τ, (24)
where Cα(mS) are active flavor-dependent coefficients
which are calculated solving numerically the Boltz-
mann equations (an appropriated value in this case is
Cα(mS) ' 0.8 [95]). We also have that the sum of UαS ,
the elements of the leptonic mixing matrix, is the active-
sterile mixing, i.e.,
∑
α |UαS |2 ∼ sin2(2θ). For the case
mνS < 0.1 keV there is a simpler expression written as
follows [80, 96]
ΩνS ,DMh
2 = 0.3
[
sin2 2θ
10−10
] [ mνS
100 keV
]2
. (25)
After imposing bounds coming from stability, structure
formation and indirect detection, in addition to the con-
straints arising from the neutrinos oscillation experi-
ments, it was found that the sterile neutrino as WDM
in the (2, 3) ISS provides a sizable contribution to the
DM relic density for 2 . mνS . 50 keV and active-sterile
mixing angles 10−8 . sin2(2θ) . 10−11 [80], where the
maximal fraction of DM made of νS is achieved when
mνS ' 7 keV [97–100].
Once established the DM candidates and the param-
eters that determine the relic density in each case, we
are going to search for models satisfying all mentioned
conditions in Section II as well as
ΩPlanckDM h
2 = ΩνS ,DMh
2 + Ωa,DMh
2, (26)
where ΩPlanckDM h
2 = 0.1197± 0.0066 (at 3σ) is the current
relic density as reported by Planck Collaboration [3].
III. MODELS
In the previous section, we have introduced the gen-
eral and minimal constraints that models have to sat-
isfy. Now, we proceed to find specific models that give
an explanation to the dark matter observed in the Uni-
verse. In particular, the (2, 2), (3, 3) and (2, 3) cases of
the ISS mechanism are studied in detail. For each model
we check the compatibility (at 3σ) with the experimental
neutrino physics [82] for the normal mass ordering and
vanishing CP phases by varing the free Yukawa couplings
yiβ , ζαβ , ηαα, θββ in the range ∼ (0.1, 3.5). Additionally,
we also analize the lepton flavor violating processes such
as `β → `α + γ, which are induced at one loop by the W
boson and the heavy neutrinos.
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FIG. 1. ALPs parameter space. This figure shows some excluded regions from the nonobservation of an anomalous energy loss
of massive stars due to ALPs (or axions) emission [101], of a γ-ray burst from SN 1987A due to conversion of an ALPs in the
galactic magnetic field [102–104] and of dark matter axions or ALPs converted into photons in microwave cavities placed in
magnetic fields [105–108]. It is also showed the red band where the ALPs may constitute all of cold dark matter (ALPs CDM),
and the regions where the ALPs may explain the cosmic γ-ray transparency and the x-ray line at 3.55 keV [30–32, 109, 110].
The green regions are the projected sensitivities of the light-shining-through-wall experiment ALPS-II, of the helioscope IAXO,
of the haloscopes ADMX and ADMX-HF [105, 107]. The black (green) solid line in the lower left corner shows the sensitivity
of the proposed ABRACADABRA experiment [64] using a resonant (broadband) circuit. Furthermore, it is showed the region
of QCD axion (the yellow band) -which was recently extended to cover the lower right corner [66]- studied in the context of
some realistic axion models [86], with the region below the orange solid line corresponding to the axion CDM. The benchmark
regions M22a, M22b, M23a, M23b, M33a and M33b corresponding to respective models (2, 2) ISS, (2, 3) ISS and (3, 3) ISS
which generate a considerable amount of the current DM relic density are also shown.
The correspondig decay rates read [111, 112]
Br(`β → `αγ) = α
3
W s
2
W
256pi2
m5`β
m4WΓ`β
×
∣∣∣∣∣∑
i
U∗βiUαiG(m
2
Ni/m
2
W )
∣∣∣∣∣
2
, (27)
where G(x) = x(1−6x+3x2 +2x3−6x2 log(x))/[4(1−
x)4], Γ`β is the total decay width of `β and U repre-
sents the lepton mixing matrix. We verify that each ISS
model is compatible with the current experimental limits
Br(µ→ eγ) < 5.7×10−13 [113], Br(τ → eγ) < 3.3×10−8
and Br(τ → µγ) < 4.4× 10−8 [114].
A. (2, 2) ISS case
Among the minimal configuration of the ISS mecha-
nism consistent with the experimental neutrino physics
and lepton-flavor-violating (LFV) processes [53, 80, 115]
(for a recent review see Ref. [116]), we, firstly, study
the (2, 2) ISS case because this is the minimal configura-
tion that satisfy all the constraints coming from exper-
imental neutrino physics. For this case, in the neutrino
mass spectrum there are two heavy pseudo-Dirac neu-
trinos with masses ∼M and three light active neutrinos
with masses of order of sub-eV coming from the mass ma-
trix in Eq. (13) [53]. Because in this case nNR = nSR = 2
(similarly for the (3, 3) ISS case) there is not a light ster-
ile neutrino νS in the mass spectrum. Therefore, all the
current DM abundance must be constituted by ALPs, i.e.
ΩPlanckDM h
2 = Ωa,DMh
2.
In order to find the main features of the model, we find
useful to rewrite Ωa,DMh
2 in terms of D - the exponent
of the mass operator for σ, Eq. (3) - and ma. Thus,
7D vσ (GeV) vσ (GeV)
8 (1.9− 3.3)× 1010 (1.5− 2.8)× 1010
9 (0.6− 1.1)× 1011 (5.5− 9.5)× 1010
10 (1.9− 3.2)× 1011 (1.6− 2.8)× 1011
11 (5.0− 8.2)× 1011 (4.4− 7.2)× 1011
12 (1.2− 1.9)× 1012 (1.0− 1.7)× 1012
13 (2.6− 4.0)× 1012 (2.3− 3.6)× 1012
14 (5.2− 7.9)× 1012 (4.6− 7.0)× 1012
15 (1.0− 1.4)× 1013 (0.9− 1.3)× 1013
16 (1.7− 2.5)× 1013 (1.6− 2.3)× 1013
17 (2.9− 4.2)× 1013 (2.7− 3.8)× 1013
18 (4.8− 6.7)× 1013 (4.3− 6.1)× 1013
19 (0.7− 1.0)× 1014 (6.8− 9.4)× 1013
TABLE II. The appropriated (D, vσ) values in order to pro-
vide Ωa,DMh
2 = ΩPlanckDM h
2 (first and second columns) and
Ωa,DMh
2 = 0.57×ΩPlanckDM h2 (first and third columns). It has
been considered 10−3 ≤ g ≤ 2 and ΩPlanckDM h2 at 3σ level.
substituting Eqs.(3) and (5) in Eq. (23), we find that
Ωa,DMh
2 ' 0.49 |g| 14
√
D exp
[
−D
4
ln
√
2MPl
1 GeV
]
×
[ vσ
1 GeV
]D+6
4
, (28)
where g is assumed to be 10−3 ≤ |g| ≤ 2. Thus, we can
see that Ωa,DMh
2 only depends on (|g| , D, vσ). In Table
II we show (D, vσ) values for the cases where Ωa,DMh
2 =
ΩPlanckDM h
2 and Ωa,DMh
2 = 0.57×ΩPlanckDM h2. The last case
applies only for the (2, 3) ISS case and will be discussed
in Section III C.
In order to obtain the Lagrangian in this scenario, we
search for discrete symmetries for the two possibilities
showed in Eqs. (16-17) and different values of r, s, t ac-
cording its respective constraints as follow: considering
Eqs. (16-17) and the Table II we can see that, for the
range of values of vσ established in the Section II A, only
the values D = 9, 10, 16 − 19 are allowed to reproduce
the correct relic density to ALPs. Thus we searched
for discrete symmetries ZN that allows the mass opera-
tors with those dimensions D, with the following results:
The Z9,10, symmetries allow terms such as
σ∗
MPl
L¯H˜SR,
σ∗2
MPl
N¯RN
C
R , L¯H˜SR, and since H and σ get VEVs, these
terms do not give the appropriate zero texture of the
ISS mechanism shown in Eqs. (9) and (10). We have
searched for all the possible combinations of r, s, t val-
ues in the Lagrangian of Eq. (8) without any success.
On the other hand, the Z16,18 symmetries are not free of
the gravitational anomaly. In fact, the ZN≤20 discrete
symmetries that satisfy all the anomaly constraints and
stabilize the ISS mechanism are Z17,19.
In the case of Z17 symmetry, the Lagrangian, LZ17 ,
is given by Eq. (1) with the parameters D = 17 and
(p, q, r, s, t) = (3,−5,−6, 2, 2) in Eqs. (3), (8) and (19),
respectively. An assignment of the Z17 (with Z17 = 6B+
11U(1)L) charges and the anomalous U(1)A symmetry for
this case is shown in Table III. Note that, for this model
the term ∼ σ∗6NRβ(NRβ′)C in Eq. (8) gives a negligible
contribution for the light active neutrino masses.
The corresponding gaγ and ma for this model is given
by
gaγ ∼= 7.54× 10−17
[
3.08× 1013 GeV
vσ
]
GeV−1,
ma ∼= 5.59× 10−10|g| 12
[
vσ
3.08× 1013 GeV
]15/2
eV.
(29)
The benchmark region for this case is denoted as M22a
in the Figure 1 where we have considered 10−3 ≤ |g| ≤ 2
and 2.9 × 1013 . vσ . 4.2 × 1013 GeV. These values for
gaγ and ma allow that the ALPs explain 100% of the DM
relic density.
Sharp predictions for neutrinos masses are not possible
with just the knowledge of the p, q, r, s, t values and vσ.
However, the order of magnitude of the mass matrices
can be estimated from Eqs. (11) and (12) to be (using
vσ ∼= 3.08× 1013 GeV)
M ∼= ζ × 1.73 TeV, µS ∼= η × 0.13 keV,
mνlight '
[
yᵀζ−1η (ζᵀ)−1 y
]× 1.38 eV, (30)
which is appropriate to satisfy the constraints coming
from experimental neutrino physics and unitarity with-
out resorting a fine tuning in couplings. Nevertheless, we
have to admit that some care must be taken in order to
generate the benchmark region M22a in agreement with
bounds coming from LFV processes such as µ → e + γ.
Specifically, due to mNi ∼ M  mW the loop function
tends to G(x) → 1/2 and the mixing terms are generi-
cally given by U ∼ mD/M . This leads to the decay rate
for µ→ e+ γ of the order of
Br(µ→ eγ) ∼ 1.1× 10−13
( mD
10 GeV
)4(3 TeV
M
)4
,
(31)
which implies that small y ∼ 0.1 couplings must be re-
quired.
For the case with Z19, the effective Lagrangian is char-
acterized by (p, q, r, s, t) = (3,−5,−8,−2, 1), and the re-
sults, roughly speaking, are quite similar to the model
with Z17, in the sense that as the p, q, |s| values are equals
for both models, the neutrino spectrum is similar in both
cases. Nevertheless, since D, t values are not equals, we
have as a consequence that: the ALPs mass, the mass
term for the exotic fermion E and the ALPs-photon cou-
pling, gaγ , are different. Specifically, from the Table III
8Model Symmetry QLi dRi uRi H Li lRi NRβ SRα EL ER σ
(2,2)
Z17 1 2 0 16 14 15 13 8 15 12 7
U(1)A 0 0 0 0 11/2 11/2 11/2 −5/2 11/2 15/2 1
Z19 1 14 7 6 16 10 3 9 17 2 4
U(1)A 0 0 0 0 11/2 11/2 11/2 −5/2 5/2 7/2 1
(3,3)
Z17 1 10 9 8 14 6 5 7 2 15 4
U(1)A 0 0 0 0 11/2 11/2 11/2 −5/2 9/2 7/2 1
Z19 1 13 8 7 16 9 4 12 9 11 18
U(1)A 0 0 0 0 11/2 11/2 11/2 −5/2 11/2 7/2 1
(2,3)
Z10 1 2 0 9 7 8 6 6 8 6 6
Z4 0 1 3 3 0 1 3 1 1 1 2
U(1)A 0 0 0 0 7/2 7/2 7/2 −3/2 7/2 3/2 1
TABLE III. Discrete and continuous charge assignments of the fields in the different models.
and Eq. (7), in the Z19 model the ALPs parameters are
gaγ ∼= 1.12× 10−17
[
1.0× 1014 GeV
vσ
]
GeV−1,
ma ∼= 1.87× 10−10|g| 12
[
vσ
1.04× 1014 GeV
]17/2
eV.
(32)
The benchmark region in this model corresponding to
this case in Figure 1 is denoted as M22b. We also show
the values for the neutrino mass spectrum in Table IV.
Concerning to the upper bound on µ→ e+ γ, it is easily
fulfilled due to the larger supression coming from M ∼ 50
TeV.
B. (3, 3) ISS case
Regarding the neutrino mass spectrum the (3, 3) ISS
case is quite similar to the previous one in the sense that
there is not a light sterile neutrino in the mass spectrum
because nNR = nSR = 3. Therefore, all the DM abun-
dance in this model has to be made of ALPs.
Proceeding in a similar manner to the (2,2) ISS case
and taking into account that Agrav(ZN ) is now different
(see Eq. (22)), we have searched for all anomaly-free ZN
discrete symmetries, with N ≤ 20 and with (p, q, r, s, t)
values established according to the constraints in Sec-
tion II A. Doing that, we found the following results: the
Z9 symmetry is not free of gravitational anomalies, while
the Z10 symmetry allows dangerous terms such as L¯H˜SR,
σ∗
MPl
L¯H˜SR, σN¯RN
C
R , and others that jeopardize the ma-
trix structure in Eqs. (9) and (10), therefore the possi-
bility of building a model for the solution in Eq. (16) is
not realized. On the other hand, the Z16,18 symmetries
corresponding to the solution in Eq. (17), are not free of
gravitational anomalies, therefore these are not suitable
symmetries. However, the Z17,19 symmetries forbid the
dangerous terms and allow an effective Lagrangian.
In the case of Z17 symmetry, the Lagrangian in Eq.
(1) is characterized by the parameters (p, q, r, s, t) =
(3, −5, 7, 2, 1) and D = 17. Note then that this model
has a Lagrangian very similar to the (2, 2) ISS La-
grangian. However, in this case, the mass term for the
exotic fermion E has the exponent equal to one and
the term associated with µN is not allowed with dimen-
sion less than seven. Because the parameters (p, |q|) are
equals in both cases, the neutrino spectrum is the same
as in the M22a model (see Eqs. (30)). Moreover, note
that in this case, the term ∼ σ7NRβ(NRβ′)C gives a neg-
ligible contribution for the light active neutrino masses.
On the other hand, the fact that the mass term for the
exotic fermion differs from (2,2) ISS model imply that
the anomaly coefficient Caγ be different (see charges in
the Table III and Eq. (7)), such that the ALPs-photon
coupling has also a different value. Possible assignments
for the Z17 and U(1)A symmetries are shown in Table
III, with Z17 = 9B + 11U(1)L.
The corresponding vσ value is the same that in the
(2, 2) ISS case showed in the Table II for D = 17, im-
plying also that the ma is equal to it given in Eq. (30).
Nevertheless, the gaγ turn to be
gaγ ∼= 3.77× 10−17
[
3.08× 1013 GeV
vσ
]
GeV−1, (33)
because the anomaly coefficient now has a different value.
A benchmark region for this case is denoted as M33a in
Figure 1, where these values for gaγ and ma allow that
the ALP explains 100% of the DM relic density.
For the Z19 case, we find that the model is determined
by the parameters (p, q, r, s, t) = (3, −5, −8, 2, 2),
which brings similar conclusions that the M22b model,
with some differences coming from the anomaly coeffi-
9cient Caγ . Specifically, the coupling
gaγ ∼= 2.24× 10−17
[
1.0× 1014 GeV
vσ
]
GeV−1. (34)
The other parameters associated to neutrino spectrum
and ma are similar than in the M22b case, and are shown
in Table IV. The benchmark region for this case is de-
noted as M33b in Figure 1.
On the other hand, the constraints and prospects re-
garding lepton flavor violating processes are similiar to
the ones in case (2,2) since the mass scale M of the
benchmark regions M33a and M33b are the same of the
benchmark regions M22a and M22b, respectively.
We remark that a similar effective Lagrangian for the
(3, 3) ISS case was worked in the Ref. [40] with the aim
of explaining some astrophysical phenomena. However,
in that case, the DM abundance via ALP was not con-
sidered.
C. (2, 3) ISS case
For this case, because there are nNR = 2 and nSR = 3
neutral fermions, the neutrino mass spectrum contains
two heavy pseudo-Dirac neutrinos with masses ∼M and
three light active neutrinos with masses of order of sub-
eV. In addition, there is a sterile neutrino, νS , with mass
of order ∼ µS . Then, for this model, the presence of both
the νS and the ALPs, a, brings the possibility of having
two DM candidates in the (2, 3) scenario [80, 117].
First, let’s consider the case ΩPlanckDM h
2 = Ωa,DMh
2,
i.e., when the DM abundance is totally constituted by
ALPs. Now, from Eqs. (16) and (17) and Table II, we
can see that (D, vσ) =
(
9, (0.6− 1.1)× 1011 GeV) and
(D, vσ) =
(
10, (1.9− 3.2)× 1011 GeV) corresponds to
the (p, |q|) = (2, 3) solution in Eq. (16) (note that vσ
corresponding to D = 10 is slightly out of allowed range
in Eq. (16)). Moreover, the values D = 9, 10 restrict
the symmetry to be Z9,10. For these discrete symme-
tries we find solutions for anomaly free Z9 and 10 charges,
i.e, solutions to Eqs. (21) and (22) with (p, |q|) = (2, 3).
Nevertheless, all the solutions for the Z9 and 10 charges al-
low terms such as ∼ σNRβ(NRβ′)C, ∼ σ∗2MPlNRβ(NRβ′)C,
∼ σ∗MPlLiH˜SRα and other terms in the Lagrangian that
do not give the correct texture to the mass matrix in
the ISS mechanism. We also have searched for all the
possible combinations of r, s, t values in the Lagrangian
(1) with (p, |q|) = (2, 3) without any success. There-
fore, the (p, |q|) = (2, 3) case cannot offer a realization
for an effective model providing all the observed DM
abundance via ALPs when all the constraints in Sec-
tion II are considered. However, from Table II we see
that for D = 15, . . . , 19 with a larger value of vσ the
second solution (p, |q|) = (3, 5), cf. Eq. 17, can, in prin-
ciple, offer a model (note that, strictly speaking, the vσ
value corresponding to D = 15 is slightly out of allowed
range in Eq. (17)). Moreover, the cases of Z17 and Z19
are excluded because the condition for the gravitational
anomaly is never satisfied, while in the Z16,18 cases terms
as ∼ LiH˜SRα and ∼ σNRβ(NRβ′)C give an incorrect tex-
ture for the ISS mass matrix. In fact, after imposing all
the constraints, we find that the only symmetry that pro-
vides a solution is Z15. In more detail, we find that the
discrete symmetry can be written as Z15 = 9B+11U(1)L
(other combinations for Z15 are possible). This model
has the effective Lagrangian, LZ15 , given by Eqs. (1), (8)
and (19) with (p, q, r, s, t) = (3,−5,−4, 2, 2). Note that
the term ∼ σ∗4NRβ(NRβ′)C gives a negligible contribu-
tion for the light active neutrino masses.
The LZ15 is also invariant under a U(1)A symmetry
which is anomalous in the electromagnetic group as must
be to generate a non-null coupling between photons and
ALPs, gaγ (see Sec. II A). Specifically, for this case we
have that the ALPs parameters are given by
gaγ ' 2.25× 10−16
[
1.03× 1013 GeV
vσ
]
GeV−1,
ma ' 4.47× 10−8|g| 12
[
vσ
1.03× 1013 GeV
]13/2
eV.
(35)
We also check that the neutrino mass spectrum for this
model is
M ' ζ × 6.5× 10−2 TeV; µS ' η × 5.8× 10−4 keV;
mνlight '
[
yᵀζ−1η (ζᵀ)−1 y
]× 4.15 eV, (36)
where we have used the particular value vσ ' 1.03 ×
1013 GeV, which is one of the suitable values given in
Table II for D = 15 giving the 100% of the current DM
abundance. For this case, the sterile neutrino as DM
candidate has a negligible contribution because the small
scales in Eq. (36) imply that the mixing angle between
the active and sterile neutrinos has a great suppression.
Moreover the mass scale of the sterile neutrino, µS , is
very small to bring a considerable contribution to DM.
Now, from values of M, µS , mνlight in Eq. (36) we
note that in this scenario there is a some tension to
satisfy the unitarity constraint. In more detail,
∣∣∣yζ ∣∣∣ <
M
vSM
× 10−1 = 2.6 × 10−2 where we have been conser-
vative choosing a 2 value of 1% (recall  ≡ mDM−1).
However, this upper bound on
∣∣∣yζ ∣∣∣ implies a lower bound
on η >
∣∣∣yζ ∣∣∣−2 mνlight4.15 ≈ ∣∣∣yζ ∣∣∣−2 √∆m2atm4.15 ≈ 17.17 (with
∆m2atm = 2.32×10−3 eV2 being the atmospheric squared-
mass difference) which is not a perturbative value for η.
This happens because the values for vσ corresponding for
D = 15 is smaller than the values allowed in the range in
Eq. (17). Similar conclusions are found if we consider the
case when Ωa,DMh
2 < ΩPlanckDM h
2. Therefore, the effective
Lagrangian LZ15 can not provide a natural framework
for DM and the neutrino masses in (2, 3) ISS case. For
this reason we do not show the benchmark region for this
model in Figure 1.
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However, models explaining the DM relic density via
ALPs and/or sterile neutrinos for the (2, 3) ISS case
can be found provided we slightly relax some constraints
mentioned in Section II. Actually, if an extra ZN sym-
metry is allowed, we found that, for example, the so-
lution (p, |q|) = (2, 3) in Eq. (16) makes possible a
model with D = 10 and (p, q, r, s, t) = (2,−3,−3, 2, 2)
in Eqs. (1), (8) and (19), where the discrete gauge sym-
metry Z10×Z4, with the corresponding charges given in
Table III, must be considered with the aim of get the
correct DM relic density using D = 10 to calculate the
ALPs mass. It is straightforward to check that for this
model, ALPs provide 100% of the DM abundance pro-
vided vσ ∼= 2.03×1011 GeV with g of order one. In more
details, for this benchmark point, we have that
gaγ ' 1.14× 10−14
[
2.03× 1011 GeV
vσ
]
GeV−1,
ma ' 0.29|g| 12
[
vσ
2.03× 1011 GeV
]4
eV. (37)
with the neutrino mass spectrum given by
M ' ζ × 8.4 TeV; µS '
[ η
10−2
]
× 4.96 keV;
mνlight '
[
yᵀζ−1
( η
10−2
)
(ζᵀ)−1 y
]× 2.11 eV. (38)
We note that for η ≤ 10−2 and the other coupling con-
stants of order one, a suitable neutrino mass spectrum is
achieved.
In this case, we have also check that the sterile neu-
trino has a negligible contribution to DM relic density
because the mixing angle between the active and sterile
neutrinos is smaller than the limits established to con-
sider νS as a DM candidate (10
−8 . sin2(2θ) . 10−11,
see ref. [80] for more details). For this model, we have
shown in Figure 1 a benchmark region denoted as M23a
where ALPs provide 100% of DM abundance.
For the case that the DM abundance is made of ALPs
and sterile neutrinos, the scenario slightly changes. We
have chosen the case when the DM is made of ≈ 43% of
sterile neutrinos and ≈ 57% of ALPs as an illustrating
example. However, these can take other values provided
the DM abundance made of sterile neutrinos is / 50%,
consistently with the constraints over its parameter space
[80, 98, 118]. Doing a similar procedure as in the previous
cases, we can obtain
gaγ ' 1.02× 10−14
[
2.28× 1011 GeV
vσ
]
GeV−1,
ma ' 0.46|g| 12
[
vσ
2.28× 1011 GeV
]4
eV. (39)
and
M ' ζ × 10.6 TeV; µS '
[ η
10−2
]
× 7.1 keV;
mνlight '
[
yᵀζ−1
( η
10−2
)
(ζᵀ)−1 y
]× 1.9 eV. (40)
In this case for η ≈ 10−2 the sterile neutrino has mνS ≈
7.1 KeV. In particular, this mass for the sterile neutrino
may explain the recently indicated emission lines at 3.5
keV from galaxy clusters and the Andromeda galaxy [33,
34]. The benchmark region for this model is denoted as
M23b in Figure 1.
It is worth to mention that for both benchmark regions
in those models, the constraints and prospects regarding
lepton-flavor-violating processes are also similiar to the
ones in case (2,2). This happens because the contribution
of the sterile neutrino to Br(`β → `βγ) is negligible since
G(m2νS/m
2
W )→ 0 for mνS  mW .
Finally, for clearness, we show in Table IV an overview
of the main results of all considered models. Specifically,
we show energy scales for the neutrino masses and the
ALPs parameter space for each ISS case.
IV. DISCUSSION AND SUMMARY
We have connected two interesting motivations for go-
ing beyond the standard model: neutrino masses and
ALPs as dark matter. A natural scenario for achiev-
ing that is the ISS mechanism. In particular, we have
considered the minimal versions of the ISS mechanism
in agreement with all the neutrino constraints. Never-
theless, in the considered framework, the mass scales for
the ISS mechanism are generated by gravity-induced non-
renormalizable operators when the scalar field containing
the ALPs gets a vacuum expectation value, vσ. Natural-
ness of these scales imposes strong constraints on these
operators and, when combining these with the ALPs ac-
ceptable range for vσ, only two solutions are possible:
(p, |q|) = (2, 3) for 6 × 1010 . vσ . 1 × 1011 GeV and
(p, |q|) = (3, 5) for 2 × 1013 . vσ . 8 × 1013 GeV.
This implies that operators given M and µS scales can
only belong to these two categories. Then, a simultane-
ous application of constraints coming from the texture of
ISS mass matrix, the violation of the unitarity, the mass
of exotic charged leptons, the stability of the effective
Lagrangian against gravitational effects and the suitable
ALPs parameter space (ma and gaγ) to provide the to-
tal DM density almost set the rest of terms in the La-
grangian, only leaving a few of possibilities for all of ISS
cases. These constraints ultimatelly lead to a concrete
prediction for the viable ALPs masses and ALPs-photon
couplings and also for the mass scale of the heavy neutri-
nos necessary to explain the neutrino oscillation data. In
other words, both sectors are deeply connected and the
observation of a hypothetical signal of the ALP existence
within the proper regions will automatically lead to the
existence of heavy neutrino states in the TeV and multi
TeV scales. In the same way, the nonobservation of an
ALP within such regions or the observation of heavy neu-
trinos below the TeV scale would disfavour the possible
linkage between ALP DM and neutrino masses suggested
in this work.
Among the minimal ISS mechanisms, the (2, 2) and
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ISS ma gaγ M (TeV), µS (keV)
Model ×10−11 eV ×10−17 GeV−1 mνlight (eV)
M22a (19.0− 56.0) (5.5− 7.8) (1.5− 4.5), (0.1− 0.7),
(1.0− 1.4)
M22b (0.52− 1.4) (1.1− 1.6) (24.3− 65.6), (11.3− 58.9),
(0.4− 0.6)
M33a (19.0− 56.0) (2.7− 3.9) (1.5− 4.5), (0.1− 0.7),
(1.0− 1.4)
M33b (0.52− 1.4) (2.2− 3.1) (24.3− 65.6), (11.3− 58.9),
(0.4− 0.6)
M23a (0.06− 0.30)× 1011 (720− 1200) (7.5− 21.0), (4.12− 19.41),
(1.33− 2.24)
M23b (0.03− 0.2)× 1011 (830− 1400) (5.6− 15.8), (2.7− 12.7),
(1.4− 2.5)
TABLE IV. Main features of the models discussed in the text. We have considered the constant g ⊂ [10−3, 2] in the mass term
of the ALPs, the η Yukawa at order 10−2 in the M23a(b) models, and ΩPlanckDM h
2 at 3σ.
(3, 3) ISS cases are quite similar. It is due to the fact
that in both of them nNR = nSR implying that neutrino
mass spectrum is characterized by only two mass scales,
M and mνlight. Thus, the results obtained are almost
identical. Although, there is a slightly difference in the
value of gaγ due to the presence of more fermions in the
(3, 3) ISS case. In both cases, we find two effective models
denoted as M22a,b and M33a,b in Table IV. Since there is
not sterile neutrino in these cases, the total DM density is
made of ALPs. We also remark that, although, the ALPs
in these models can decay to two photons and, in the
(2, 2) ISS mechanism, to two massless active neutrinos,
these are cosmologically stable because those decays are
strongly suppressed by factors of 1/M2Pl and/or 1/v
2
σ.
On the other hand, the (2, 3) ISS case is phenomeno-
logically more interesting due to the presence of a sterile
neutrino in the mass spectrum. It implies that the DM
density can be made of ALPs and νS . We have found a
model satisfying all of previously mentioned constraints
and, at the same time, offering the total DM. Because
sterile neutrinos in the (2, 3) ISS mechanism can give,
roughly speaking, at most ≈ 43% of the DM density, it
is necessary that the remaining ≈ 57% of DM be made
of ALPs. It is also possible that ALPs give the total DM
density. It occurs when the mixing angle between active
and sterile neutrinos is very suppressed in order to make
the the Dodelson-Widrow mechanism inefficient. Both
cases were studied in detail and denoted as M23a and
M23b, respectively.
Regarding the search for ALPs, the benchmark regions
in Figure 1 are out of reach of the current and future ex-
perimental searches for axion/ALPs such as ALPS II,
IAXO, CAST [60], since these currently have not enough
sensitivity to probe the ALPs/axion-photon couplings
and masses that are motivated in models with scales
vσ & 1013 GeV. Nevertheless, for the (2,2) and (3,3)
ISS cases the benchmark regions are remarkably within
the target regions in proposed experiments based on LC
circuits [64, 65], which are designed to search for QCD
axions and ALPs and cover many orders of magnitude
in the parameter space of these particles, beyond the
current astrophysical and laboratory limits [60, 70, 71].
Specifically, the ABRACADABRA experiment [64] may
explore ALPs masses as low as ∼ 10−10 eV for a coupling
to photons of the order of ∼ 10−18 GeV−1, which are well
below our benchmark regions (Figure 1).
Finally, despite the fact that neutrino mass spectrum
is not completely predicted in the models found, the ma-
trix scales in the ISS mechanism are estimated to be in
agreement with the neutrino constraints [119]. Moreover,
we have numerically checked, in all models, that there
are solutions with coupling constants of order one that
also satisfy LFV processes and the unitary condition.
These processes can easily avoid without fine-tuning in
the models discussed in this paper. Specifically, we have
found that the BR(µ → eγ) in all cases are as small as
∼ 10−20 − 10−15 which are consistent with the current
experimental value BR(µ→ eγ) < 5.7× 10−13 [113] and
with future sensitivities around 6× 10−14 [120].
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